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1. Introduction 
Plasma generators with arc discharge stabilization by water vortex exhibit special 
performance characteristics; such as high outlet plasma velocities (up to 7 000 m ⋅ s-1), 
temperatures (~ 30 000 K), plasma enthalpy and, namely, high powder throughput, 
compared to commonly used gas-stabilized (Ar, He) torches (Hrabovský et al., 1997). In a 
water-stabilized arc, the stabilizing wall is formed by the inner surface of water vortex 
which is created by tangential water injection under high pressure (~ 10 atm.) into the arc 
chamber. Evaporation of water is induced by the absorption of a fraction of Joule power 
dissipated within the conducting arc core. Further heating and ionization of the steam are 
the principal processes which produce water plasma. The continuous inflow and heating 
lead to an overpressure and plasma is accelerated towards the nozzle exit. The arc 
properties are thus controlled by the radial energy transport from the arc core to the walls 
and by the processes influencing evaporation of the liquid wall.  
A combination of gas and vortex stabilization has been utilized in the so-called hybrid-
stabilized electric arc, its principle is shown in Fig.1. In the hybrid H2O-Ar plasma arc the 
discharge chamber is divided into the short cathode part where the arc is stabilized by 
tangential argon flow in the axial direction, and the longer part which is water-vortex-
stabilized. This arrangement not only provides additional stabilization of the cathode region 
and protection of the cathode tip, but also offers the possibility of controlling plasma jet 
characteristics in wider range than that of pure gas or liquid-stabilized torches (Březina et 
al., 2001; Hrabovský et al., 2003). The arc is attached to the external water-cooled rotating 
disc anode a few mm downstream of the torch orifice. The characteristics of the hybrid-
stabilized electric arc were measured and the effect of gas properties and flow rate on 
plasma properties and gas-dynamic flow characteristics of the plasma jet were studied. 
Experiments (Březina et al., 2001; Hrabovský et al., 2006) proved that plasma mass flow rate, 
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velocity and momentum flux in the jet can be controlled by changing mass flow rate in the 
gas-stabilized section, whereas thermal characteristics are determined by processes in the 
water-stabilized section. The domain for numerical calculation is shown in Fig. 1 by a 
dashed line and includes the discharge area between the outlet nozzle for argon and the 
near-outlet region of the hybrid plasma torch.  
 
 
Fig. 1. Principle of hybrid plasma torch WSP®H with combined gas (Ar) and vortex 
(water) stabilizations. Water is injected tangentially and creates vortex in the chamber. 
The arc burns between the cathode, made of a small piece of zirconium pressed into a 
copper rod, and the water-cooled anode rotating disc. The calculation domain is shown by 
a dashed line.  
The hybrid arc has been used at IPP AS CR, v.v.i., in the plasma spraying torch WSP®H (160 
kW) for spraying metallic or ceramic powders injected into the plasma jet (Fig. 2). Recently, 
an experimental plasmachemical reactor PLASGAS (Fig. 3) equipped with the spraying 
torch WSP®H has been started for the innovative and environmentally friendly plasma 
treatment of waste streams with a view to their sustainable energetic and chemical 
valorization and to a reduction of the emission of greenhouse gases (Van Oost et al., 2006, 
2008). Pyrolysis of biomass was experimentally studied in the reactor using crushed wood 
and sunflower seeds as model substances. Syngas with a high content of hydrogen and CO 
was produced.  
This work aims to study properties and processes in the hybrid arc for high currents (300-
600 A) and argon mass flow rates (22.5-40 standard liters per minute, slm). In contrast to our 
previous investigation (Jeništa, 2004; Jeništa et al., 2007), a special attention is devoted to the 
flow structure and temperature field in the discharge when the local Mach number is higher 
than one. Our former results indicated the possibility (Jeništa, 2004) and also proved the 
existence (Jeništa et al., 2008) of supersonic flow regime for currents higher or equal to 500 
A. In addition, a detailed comparison of the calculated results with experiments is presented 
in this study.  
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Section 2 gives information about the model assumptions, plasma properties, boundary conditions 
and the numerical scheme. Section 3 reveals the most important findings such as thermal and 
fluid dynamic characteristics of plasma within the discharge and in the near-outlet regions, 
along with power losses from the arc and comparison of calculated results (temperature and 
velocity profiles near the nozzle exit) with experiments. 
 
 
Fig. 2. The plasma spraying torch WSP®H with hybrid stabilization (left), i.e. the combined 
stabilization of arc by axial gas flow (Ar or N2) and water vortex. The external rotating disk 
anode is made of copper. Images of plasma jets produced by WSP®H (right) from the 
mixture of steam and argon for different operational conditions: 300 A and 24 slm of argon 
(top), spraying of Cu particles at 500 A and 36 slm of argon (middle), supersonic jet at 300 A, 
12 slm of argon at 10 kPa of surrounding atmosphere (bottom).  
2. Physical model and numerical implementation 
2.1 Assumptions and the set of equations 
The following assumptions for the model are applied:  
1. the numerical model is two-dimensional with the discharge axis as the axis of 
symmetry, 
2. plasma flow is laminar/turbulent and compressible in the state of local thermodynamic 
equilibrium, 
3. argon and water create a uniform mixture in the arc chamber, 
4. only self-generated magnetic field by the arc itself is considered, 
5. gravity effects are negligible,  
6. the partial characteristics and the net emission coefficients methods (models) for 
radiation losses from the arc are employed, 
7. all the transport, thermodynamic and radiation properties are dependent on 
temperature, pressure and argon molar content. 
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Fig. 3. Schematic diagram of the experimental reactor for plasma pyrolysis and gasification. 
A few comments should be mentioned on these assumptions:  
1. The cylindrical discharge chamber (Fig. 1) is divided into several sections by the baffles 
with central holes. Water is injected tangentially into the chamber by three sets of three 
inlet holes (totally 9 holes) placed equidistantly along the circumference at angles of 
120°. The inner diameter of the water vortex is determined by the diameter of the holes 
in the baffles. Water is usually pumped under pressures of 0.39 MPa (0.6 MPa) with 
flow rates of 10 l min-1 (16 l min-1). Higher pressures insure better hydrodynamic 
stability of the arc. Since water flows in a closed circuit, it is also exhausted at two 
positions along the arc chamber.  
In order to see the flow structure near the outlet, we included in our calculation domain 
also the near-outlet region which extends up to 20 mm from the nozzle exit. In 
experiment, the distance from the nozzle exit to the anode can be changed from 5 to 20 
mm. It can be expected that regions close to the nozzle exit will remain undisturbed by 
the presence of the anode, while the more distant regions (15-20 mm) will be influenced 
by 3D effects (the anode jet and anode processes), provided the anode is placed 
somewhere 20 mm from the nozzle exit.  
It comes out from these considerations that the two-dimensional assumption is valid in 
major part of the domain due to a) cylindrical symmetry of the discharge chamber 
setup, b) tangential injection of water through the holes along the circumference, and c) 
the flexible distance between the nozzle exit and anode.  
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2. The assumption of laminar flow is based on experiments, showing the laminar structure 
of the plasma flowing out of the discharge chamber in the space between the nozzle exit 
and the anode. The laminar flow has been observed for currents up to 600 A. It comes 
out from our previous calculation that Reynolds number based on the outlet diameter 6 
mm reaches in the axial region 13 000 at maximum and decreases to 300 in arc fringes. 
The type of flow inside the discharge chamber is questionable since no diagnostics is 
able to see inside the chamber and it is not clear if the laminar plasma stream is a result 
of laminarization of the plasma flow at the outlet. To check possible deviations from the 
laminar model, we have employed Large Eddy Simulation (LES) with the Smagorinsky 
sub-grid scale model. It was proved that simulations for laminar and turbulent regimes 
give nearly the same results, so that the plasma flow can be considered more or less 
laminar for the operating conditions and simplified discharge geometry in the present 
study. The maximum detected discrepancy between the turbulent and laminar models 
is 7 % for the relative temperature difference at the arc axis 2 mm downstream of the 
nozzle exit for 500 A and 40 slm of argon. For reasons of generality, all the results 
presented here were calculated using the LES turbulent model.  
3. The assumption of a complete (uniform) mixing is a simplification of a reality since, 
based on experiments, argon and water species do not mix homogeneously in the 
hybrid torch, especially at lower currents. This assumption was discusssed in more 
detail in (Jeništa, 2004) and it was concluded that this assumption can underestimate 
temperature and velocity in the axial discharge region to some extent. 
The complete set of conservation equations representing the mass, electric charge, momentum 
and energy transport of such plasma can be written in the vector notation as follows: 
continuity equation: 
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charge continuity equation: 
 
1
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r r r z z
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+ =   ∂ ∂ ∂ ∂     (5) 
equation of state: 
 gp R Tρ= . (6) 
Here z  and r  are the axial and radial coordinates, u , v  and w  are the axial, radial and 
tangential components of the velocity respectively, ρ  is the mass density, µ  is the viscosity 
(in the case of LES model, the turbulent contribution turbµ  is also added) p  is the pressure, 
BΘ  is the magnetic field strength, e  is the density of energy produced or dissipated in the 
unit volume (internal and kinetic), T is the temperature, τ  is the viscous stress tensor, zj  
and rj  are the axial and radial components of the current density, zE  and rE  are the axial 
and radial components of the electric field strength, Φ  is the electric potential, R  is the 
source term for the radiation losses and gR  is the molar gas constant. The magnetic field 
strength BΘ  is calculated from the Biot-Savart law, the current density j

 from the Ohm’s 
law j Eσ= ⋅
 
. 
2.2 Properties of argon-water plasma mixture 
The water–argon mixture can be described by the formula ( )2 1( ) qqH O Ar− where the argon 
molar amounts q were chosen from 0 to 1 with the step of 0.1. The total number of 35 
chemical species was considered (Křenek, 2008). For the temperature range 400 – 20 000 
K we supposed the following decomposition products: e  (electrons), H , O , Ar , O+ , 2O + , 
3O + , O− , 2O , 2O
+ , 2O
− , 3O , H
+ , H− , 2H , 2H
+ , 3H
+ , OH , OH+ , OH− , 2HO , 2HO
− , 2H O , 
2H O
+ , 3H O
+ , 2 2H O , Ar
+ , 2Ar + , 3Ar + . For the temperature range 20 – 50 000 K the set of 
products is somewhat different, including also multiply charged ions: e  (electrons), H , O , 
Ar , O+ , 2O + , 3O + , 4O + , 5O + , 6O + , H+ , Ar+ , 2Ar + , 3Ar + , 4Ar + , 5Ar + , 6Ar + . The 
calculations were performed using the modified Newton method for the solution of 
nonlinear equations system which is composed of equations of Saha and mass action law 
type expressing individual complex components by the help of basic ones ( , , ,e H O Ar ). The 
system is completed by the usual particle and charge balance assuming quasineutrality and 
equilibrium. 
The thermodynamic properties and the transport coefficients of this gas mixture were 
calculated according to the Chapman–Enskog method in the 4th approximation described 
e.g. in (Křenek & Něnička, 1984) for temperatures 400–50 000 K (Křenek, 2008) and pressures 
0.1-0.3 MPa in the local thermodynamic equilibrium.  
Two radiation models are implemented in the energy equation for energy losses from the 
argon-water plasma: 1) the net emission coefficients for the required arc radius of 3.3 mm, 
and 2) the partial characteristics method, both of them for different molar fractions of argon 
and water plasma species in dependence on temperature and pressure. Continuous 
radiation due to photorecombination and “bremsstrahlung” processes has been included in 
the calculation as well as discrete radiation consisting of thousands of spectral lines. 
Broadening mechanisms of atomic and ionic spectral lines due to Doppler, resonance and 
Stark effects have been considered. The numbers of oxygen and argon lines included in the 
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calculation are O  (93 lines), O+  (296), 2O
+  (190), Ar  (739), Ar+  (2781), 2Ar +  (403), 3Ar +  
(73). In addition, molecular bands of 2O  (Schuman-Runge system), 2H  (Lyman and Verner 
systems), OH  (transition 2 2 iA X
+Σ → Π ) and 2H O  (several transitions) have been also 
implemented (Bartlová & Aubrecht, 2006). Absorption coefficient as a function of 
wavelength has been calculated from infrared to far ultraviolet regions and the tables of 
partial characteristics for 1 000 – 35 000 K. The net emission coefficients model used here is a 
special case of the partial characteristics model with zero partial sink, 0Sim∆ = .  
2.3 Boundary conditions and numerical scheme 
The calculation region and the corresponding boundary conditions are presented in Fig. 4. 
The dimensions are 3.3 mm for the radius of the discharge region, 20 mm for the radius of 
the outlet region and 78.32 mm for the total length. These dimensions agree with the hybrid 
torch experimental setup.  
a. Inlet boundary (AB) is represented by the nozzle exit for argon. Along this boundary we 
assume the zero radial velocity component, 0v = . Because of the lack of experimental 
data, the temperature profile ( ), 0T r z =  and the electric field strength 
.zE z const= −∂Φ ∂ =  for a given current are calculated at this boundary, before the start 
of the fluid-dynamic calculation itself, iteratively from the Elenbaas-Heller equation 
including the radiation losses from the arc (our previous numerical experiments proved 
a weak dependence of the form of the boundary temperature profile on the overall 
solution). The inlet velocity profile ( )u r  for argon plasma for the obtained temperature 
profile ( ), 0T r z =  is pre-calculated from the axial momentum equation under the 
assumption of fully developed flow.  
b. Axis of symmetry (BC). The zero radial velocity and symmetry conditions for the 
temperature, axial velocity and electric potential are specified here, i.e. 
0T r u r r∂ ∂ = ∂ ∂ = ∂Φ ∂ = , 0v = .  
c. Arc gas outlet plane (CD). The zero electric potential 0Φ =  (the reference value) and zero 
axial derivatives of the temperature and radial velocity are defined at CD, 
0T z v z∂ ∂ = ∂ ∂ = . Values of the axial velocity are interpolated from the inner grid 
points.  
d. Arc gas outlet plane (DE). The zero radial velocity and zero radial derivatives of the 
temperature, axial velocity and electric potential are defined here, 
0T r u r r∂ ∂ = ∂ ∂ = ∂Φ ∂ = , 0v = . Pressure is fixed at 1 atmosphere, p = 1 atm. 
e. Outlet wall and the nozzle (EF). We specify no slip conditions for velocities, 0u v= = , 
constant values of rE  and zE  ( 0z r∂Φ ∂ = ∂Φ ∂ = ) and ( ), 773T r z K=  (500° C ) for the 
temperature of the nozzle.  
f. Water vapor boundary (FA). Along this line we specify the so-called “effective water 
vapor boundary”, named in Fig. 4 as the “water vapor boundary” with a prescribed 
temperature of water vapor ( )3.3 ,T R mm z= = 773 K. This is a numerical 
simplification of a more complex physical reality assumed near the phase transition 
water-vapor in the discharge chamber. The shape of the phase transition between 
water and vapor in the discharge chamber is not experimentally known and it is 
unclear so far if the structure of the transition is simple or very complicated, for 
example, with a time-dependent form. Various irregularities in the transition such as 
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splitting of the phase transition or water drops in the vapor phase can increase 
complexity of the transition. In (Jeništa, 2003a) the iteration procedure for 
determination of the mass flow rate and the radius of the “water vapor boundary” for 
each current was proposed, based on comparison with available experimental 
temperature and velocity at the outlet and the electric potential drop in the chamber. 
It was concluded that the best fit between experiment and numerical simulation for 
all currents exists for a mean arc radius of 3.3 mm. The corresponding values of water 
mass flow rates are 0.228 g s-1 (300 A), 0.286 g s-1 (350 A), 0.315 g s-1 (400 A), 0.329 g s-1 
(500 A), 0.363 g s-1 (600 A). The magnitude of the radial inflow velocity is calculated 
from the definition of mass flow rate 
( ) ( )2 ,
z
m
v R
R R z zpi ρ
∆
=
∆

, 
where ( ),R zρ  is a function of pressure and thus dependent on the axial position z , 
z∆ is the distance between the neighboring grid points.  
Because of practically zero current density in cold vapor region (no current goes outside 
of the lateral domain edges), the radial component of the electric field strength is put zero, 
i.e., 0rE = . The axial velocity component is set to zero, 0u = . Since we do not solve here 
the equation for tangential velocity component w , distribution of w  in the discharge for 
the presented results was taken from our previous calculations (Jeništa et al., 1999a) 
solved by the SIMPLER iteration procedure (Patankar, 1980) which enables calculation of 
w  for axisymmetric case, i.e., w  as a function of z  and r  coordinates. The w  velocity 
acts here only through the centrifugal force 2w rρ  in the radial momentum equation (3).  
 
 
Fig. 4. Discharge area geometry. Inlet boundary (AB) is represented by the nozzle exit for 
argon. The length of the discharge region is 58.32 mm, the length of the outlet is 20 mm. 
Along the line FE we specify the outlet nozzle and the wall of the hybrid plasma torch 
equipment. 
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For time integration of (1)-(4), LU-SGS (Lower-Upper Symmetric Gauss-Seidel) algorithm 
(Jameson & Yoon, 1987; Yoon & Jameson, 1988), coupled with Newtonian iteration method 
are used for the integration of discretized equations in time and space. To resolve 
compressible phenomena accurately, the Roe flux differential method (Roe, 1981) coupled 
with the third-order MUSCL-type (Monotone Upstream-centered Schemes for Conservation 
Laws) TVD (Total Variation Diminishing) scheme (van Leer, 1979) are used for convective 
term. The electric potential from (5) is solved in a separate subroutine by the TDMA (Tri-
Diagonal Matrix Algorithm) line-by-line method. From (1-4) we obtain ρ , uρ , e  and Φ . 
Pressure is determined from the pressure dependence of the internal energy 
( ) ( ) 2, , 0.5U p T e p T u= − ρ   and temperature is calculated from the equation of state (6) 
( ),gp R p T Tρ = ⋅ , using the pre-calculated values of the product ( ),gR p T T⋅  as a function 
of temperature, pressure and argon molar fraction in the mixture (Křenek, 2008).  
The computer program is written in the FORTRAN language. The task has been solved on 
an oblique structured grid with nonequidistant spacing. The total number of grid points was 
38 553, with 543 and 71 points in the axial and radial directions respectively.  
3. Results of calculation 
3.1 Thermal, fluid flow and electrical characteristics of the plasma 
Calculations have been carried out for the currents 300, 400, 500 and 600 A. Mass flow rate 
for water-stabilized section of the discharge was taken for each current between 300 and 600 
A from our previously published work (Jeništa, 2003a; Jeništa, 2003b), where it was 
determined iteratively as a minimum difference between numerical and experimental outlet 
quantities. The resulting values are 0.228 g ⋅ s-1 (300 A), 0.315 g ⋅ s-1 (400 A), 0.329 g ⋅ s-1 (500 
A), 0.363 g ⋅ s-1 (600 A). Argon mass flow rate was varied in agreement with experiments in 
the interval from 22.5 slm to 40 slm, namely 22.5, 27.5, 32.5 and 40 slm. It was proved in 
experiments (Kavka et al., 2007) that part of argon is taken away before it reaches the torch 
exit because argon is mixed with vapor steam and removed to the water system of the torch. 
The amount of argon transferred in such a way from the discharge is at least 50 % for 
currents studied. Since the present model does not treat argon and water as separate gases 
and the mechanism of argon removal is not included in the model, we consider in the 
calculations that argon mass flow rate present in the discharge equals one-half of argon 
mass flow rate at the torch inlet. A relatively high values of argon mass flow rate, used also 
in experiment, were chosen here to demonstrate compressible phenomena. 
Fig. 5 shows velocity, temperature, pressure and the Mach number in the outlet nozzle and 
near-outlet regions for 600 A, water mass flow rate of 0.363 g s-1 and 40 slm of argon. The 
partial characteristics method for radiation losses is employed. The results shown here 
demonstrate the largest magnitude fluctuations of velocity, temperature, pressure and the 
Mach number just after the jet exhausts from the torch nozzle among all the studied currents 
and argon mass flow rates. Supersonic flow structure in the near-outlet region is obvious 
with clearly distinguished shock diamonds with the maximum Mach number about 1.6 with 
10 500 m s-1. The corresponding velocity and the Mach number maxima overlap with the 
temperature and pressure minima and vice versa. Since the pressure decreases at the torch 
exit to a nearly atmospheric pressure, the computed contours correspond to an under-
expanded atmospheric-pressure plasma jet.  
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The corresponding axial profiles of the Mach number, pressure, temperature and velocity 
along the arc axis downstream from the nozzle orifice (the axial position 58.32 mm) for the 
same run are presented in Fig. 6. Several successive wave crests and troughs along the axis 
for each of the physical parameters is a typical feature of supersonic fluid flow. The 
fluctuation of presented quantities is between 1.1-1.7 for the Mach number, 0.7-1.4 atm. for 
the pressure, 7 200-10 000 m ⋅ s-1 for the velocity and 18 000-23 500 K for the temperature.  
 
 
Fig. 5. Velocity, temperature, pressure and the Mach number contours in the outlet nozzle 
and near-discharge regions for the 600 A arc discharge. Water mass flow rate is 0.363 g s-1, 
argon mass flow rate is 40 slm (standard liters per minute). Partial characteristics 
radiation model is employed. Supersonic flow structure is obvious with clearly 
distinguished shock diamonds. The maximum Mach number reaches 1.6. Contour 
increments are 500 m s-1 for velocity, 1 000 K for temperature, 0.1 atm for pressure and 0.1 
for the Mach number. 
 
 
Fig. 6. Profiles of the Mach number, pressure, temperature and velocity along the arc axis 
from the nozzle orifice. Supersonic outlet with distinguished shock diamonds. 600 A, argon 
mass flow rate 40 slm, partial characteristics radiation model.  
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Fig. 7 displays temperature and velocity fields in the discharge and the near-outlet regions 
for a) 500 and b) 600 A with water mass flow rates of 0.329 g ⋅ s-1 (500 A), 0.363 g ⋅ s-1 (600 A) 
(Jeništa, 2003a) and argon mass flow rate of 0.554 g ⋅ s-1 (one half of 40 slm). The net emission 
coefficients radiation model is employed. Orientation of the calculation domain is the same 
as in Figs. 1, 4. Since the ratio of the axial to the radial dimensions of the calcualtion domain 
is ~ 24 the scaling of the radial and axial coordinates is not proportional to make the 
contours inside the discharge region clearly visible. Argon flows axially into the domain, 
whereas water evaporates in the radial direction from the “water vapor boundary”. Both the 
results for 500 and 600 A exhibit supersonic under-expanded plasma flow regime but a 
progression from weak to highly-pronounced shock diamonds structure at 600 A is obvious. 
The maximum velocities are 7 200 m ⋅ s-1 (500 A) and 9 400 m ⋅ s-1 (600 A) near the axial 
position of 60 mm. Further downstream the velocity amplitudes decrease due to viscosity 
dissipation and due to the reduction of the difference between the jet static pressure and 
back pressure.  
 
 
 
 
Fig. 7. Temperature and velocity contours for a) 500 A and b) 600 A arcs, net emission 
coefficients model. Water mass flow rates are 0.329 g ⋅ s-1 (500 A) and 0.363 g ⋅ s-1 (600 A); 
argon mass flow rate is 40 slm for both currents. Progression of a supersonic flow structure 
at the outlet is clearly visible. Contour increments are 1 000 K for temperature and 500 m ⋅ s-1 
for velocity. 
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The impact of reabsorption of radiation on the distribution of temperature and velocity 
within the discharge and the near-outlet regions for 600 A is obvious in Fig. 8. The partial 
characteristics model gives lower temperatures and higher velocities at the outlet region. 
Similar results have been proved for all currents and argon mass flow rates.  
 
 
 
 
Fig. 8. Temperature and velocity contours for the net emission a) and partial characteristics 
b) models, 600 A, 27 slm of argon, water mass flow rate 0.363 g ⋅ s-1. The partial 
characteristics model gives lower temperatures and higher velocities at the outlet region. 
Contour increments are 1 000 K for temperature and 500 m ⋅ s-1 for velocity. 
Fig. 9 presents the radial profiles of the Mach number 2 mm downstream of the nozzle exit 
with the argon mass flow rate of 40 slm. It is clearly demonstrated that for currents higher 
than 400 A, a supersonic rare plasma in the central parts of the discharge is surrounded by a 
subsonic, much denser but still hot plasma. Due to generally higher velocities and lower 
temperatures near the outlet the partial characteristics model gives higher values of the 
Mach number; the difference regarding the net emission coefficients model is below 0.1 at 
the arc axis.  
Different flow structures for currents between 300 and 600 A and 32 slm of argon are visible 
in Fig. 10. Subsonic plasma flow at 300 A (Mach ~ 0.8) converts to transonic flow at 400 A 
(Mach ~ 1) at the outlet. The onset of supersonic flow structure formation is visible at 500 A 
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(Mach ~ 1.15) and the fully developed supersonic flow with shock diamonds is formed for 
600 A (Mach ~ 1.4).  
 
 
Fig. 9. Radial profiles of the Mach number 2 mm downstream of the nozzle exit, argon mass 
flow rate is 40 slm. The Mach numbers in the axial region are higher than 1 for currents 
equal to or higher than 400 A. Somewhat higher values of the Mach number provides the 
partial characteristics model.  
 
 
Fig. 10. Velocity contours in the outlet nozzle and near-discharge regions for 32 slm of 
argon. Partial characteristics radiation model is employed. Water mass flow rates are 0.228 
g ⋅ s-1 (300 A), 0.315 g ⋅ s-1 (400 A), 0.329 g ⋅ s-1 (500 A), 0.363 g s-1 (600 A), contour increments 
are 500 m s-1. Supersonic flow structure is obvious for 600 A.  
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Values of temperature, voltage drop, the Mach number and overpressure as functions of arc 
current (300-600 A) and argon mass flow rate (22.5-40 slm) for the partial characteristics model 
are displayed in Fig. 11. Temperature and the Mach number shown here are taken at the arc 
axis 2 mm downstream of the outlet nozzle, the voltage drop and overpressure refer to the 
length of the discharge region of the hybrid-stabilized electric arc (58.32 mm). The maximum  
 
 
Fig. 11. Velocity (km s-1), overpressure (atm), the Mach number and voltage drop (V) as 
functions of arc current (300-600 A) and argon mass flow rate (22.5-40 slm). Temperature 
and the Mach number are taken at the arc axis 2 mm downstream of the outlet nozzle, 
voltage drop and overpressure refer to the length of the discharge region of the hybrid-
stabilized electric arc. Partial characteristics radiation model is employed.  
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values of the velocity (9 500 m s-1), overpressure (1.6 atm) and the Mach number (1.5) occur for 
600 A and 40 slm of argon. It is evident from the slope of contours that overpressure and the 
Mach number increases with argon mass flow rate while the velocity increases only slightly. 
The transition from subsonic to supersonic flow occurs for currents around 400 A. The electric 
potential drop in the discharge chamber decreases with increasing argon mass flow rate, the 
maximum value reaches 164 V. 
Temperature contours for the net emission and partial characteristics models are shown in 
Fig. 12. Temperature depicted is taken again at the arc axis 2 mm downstream of the outlet 
nozzle. Reabsorption of radiation increases temperature in arc fringes and decreases it near 
the arc axis, in the result the net emission model provides higher axial temperatures.  
The slight increase of velocity with argon mass flow rate has thus an apparent explanation: 
on one hand, the increase of argon mass flow rate implies the corresponding increase of 
velocity. On the other hand, temperature decreases with argon mass flow rate, lowering 
thus the increase of plasma velocity. 
 
 
Fig. 12. Temperature contours (kK) in dependence of arc current (300-600 A) and argon mass 
flow rate (22.5-40 slm) for the net emission and partial characteristics models. Temperature 
depicted is taken at the arc axis 2 mm downstream of the outlet nozzle. Reabsorption of 
radiation slightly decreases axial temperatures.  
3.2 Comparison of radial temperature and velocity profiles with experiments 
A number of experiments have been carried out on the hybrid-stabilized electric arc in 
recent past for the currents 300-600 A with 22-40 slm of argon. Temperature is one of the 
fundamental plasma parameters, needed also for evaluation of the other quantities.  
In experiment, the radial profiles of temperature at the nozzle exit were calculated from 
optical emission spectroscopy measurements. The procedure is based on the ratio of 
emission coefficients of hydrogen Hβ line and four argon ionic lines using calculated LTE 
composition of the plasma for various argon mole fractions as a function of temperature 
(Křenek, 2008). From the calculated molar fractions of hydrogen and argon it is easy to 
obtain emission coefficients of Hβ and argon lines. The temperature corresponding to an 
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experimental ratio of emission coefficients is then found by cubic spline interpolation on the 
theoretical data.  
Fig. 13 compares measured and calculated temperature profiles 2 mm downstream of the 
nozzle exit for 300-600 A and 22.5 slm of argon. Excellent agreement is demonstrated for 
300 and 600 A where the measured profiles nearly coincide with the two profiles 
calculated using the net emission and partial characteristics radiation methods. For 400 
and 500 A agreement is better for the profiles calculated by the net emission coefficients 
(black color).  
 
 
Fig. 13. Experimental and calculated radial temperature profiles 2 mm downstream of the 
nozzle exit for 300-600 A and 22.5 slm of argon.  
Relative difference between the calculated and experimental values of temperature at the arc 
axis 2 mm downstream of the nozzle exit has been evaluated for broad range of currents and 
argon mass flow rates. The relative difference is defined here as  
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( )100 num exp numabs T T / T∆ = ⋅ − , 
where numT  ( )expT  are the values of the calculated (experimental) temperature. It was 
proved that the maximum relative difference between the calculated and experimental 
temperature profiles is lower than 10% for the partial characteristics and 5% for the net 
emission radiation model used in the present calculation, i.e. the net emission radiation 
model gives better agreement with experiment as regards axial temperatures.  
Comparison of the measured and calculated temperature profiles with our former 
calculations (Jeništa et al., 2010) is shown in Fig. 14 for 500 and 600 A. The set of profiles is 
calculated/measured again 2 mm downstream of the nozzle exit. The term “new model” 
introduced here refers to the present model with the assumptions described in Secs. 2.1, 2.2, 
while the “old model” means the former one with the following assumptions: 
a. the transport and thermodynamic properties of the argon-water plasma mixture are 
calculated using linear mixing rules for non-reacting gases based either on mole or mass 
fractions of argon and water species (Jeništa et al., 2010), 
b. all the transport and thermodynamic properties as well as the radiation losses are 
dependent on temperature, and argon molar content but NOT dependent on 
pressure, 
c. radiation transitions of 2H O  molecule are omitted. 
In our present model 1) all the transport and thermodynamic properties are calculated 
according to the Chapman–Enskog method in the 4th approximation; 2) all the properties are 
dependent on pressure; 3) radiation transitions of 2H O  molecule are considered. It is obvious 
that radial temperature profiles obtained by our “old model” give worse comparison with 
experiments – higher temperatures and flatter profiles compared to our present calculation. 
Similar results were obtained also for the net emission model. Improvements in the properties 
caused better convergence between the experiment and calculation. 
More comprehensive view on the closeness of the calculated and experimental temperature 
profiles offers Fig. 15. The dots in the plot represent the so-called “average relative 
difference of temperature” defined as 
( )
=
∆ = ⋅ −
1
100 NT i i i
av num exp num
i
abs T T / T
N
, 
estimating a sort of average relative difference along the temperature profile, N is the 
number of available coincident numerical inumT  and experimental 
i
expT  values of 
temperature along the radius. It is apparent that our present “new model” gives better 
comparison than the “old model” in all cases.  
Besides temperature profiles, velocity profiles at the nozzle exit and mass and momentum 
fluxes through the torch nozzle are important indicators for characterization of the plasma 
torch performance. In experiment, velocity at the nozzle exit is being determined from the 
measured temperature profile and power balance assuming local thermodynamic 
euilibrium (Kavka et al., 2008). First, the Mach number M is obtained from the simplified 
energy equation integrated through the discharge volume (Jeništa, 1999b); second, the 
velocity profile is derived from the measured temperature profile using the definition of the 
Mach number 
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Fig. 14. Experimental and calculated radial temperature profiles 2 mm downstream of the 
nozzle exit for 500 and 600 A with 27 and 32 slm of argon, partial characteristics method. 
The so-called „new model“ stands for the present model, the „old model“ presents our 
previous model with simplified plasma properties (see the text). 
( ) ( ){ }= ⋅u r M c T r , 
where ( ){ }c T r  is the sonic velocity for the experimental temperature profile estimated from 
the T&TWinner code (Pateyron, 2009). The drawback of this method is the assumption of 
the constant Mach number over the nozzle radius. Nevertheless the existence of supersonic 
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regime (i.e., the mean value of the Mach number over the nozzle exit higher than 1) using 
this method was proved for 500 A and 40 slm of argon, as well as for 600 A for argon mass 
flow rates higher than 27.5 slm. Similar results have been also reported in our previous work 
(Jeništa et al., 2008). 
 
 
Fig. 15. Average relative difference (see the text) between the calculated and experimental 
radial temperature profiles, shown in %, at the axial position 2 mm downstream of the 
nozzle exit, partial characteristics. The so-called „new model” stands for the present model, 
exhibiting better agreement with experiments; the „old model” presents our previous model 
with simplified plasma properties (see the text). 
For more exact evaluation of velocity profiles we employed the so-called “integrated 
approach”, i.e., exploitation of both experimental and numerical results: velocity profiles are 
determined as a product of the Mach number profiles obtained from the present numerical 
simulation and the sonic velocity based on the experimental temperature profiles. The 
results for 300-600 A with 22.5 slm of argon for the partial characteristics method are 
displayed in Fig. 16. Each graph contains four curves – velocity profiles based on the “new” 
and “old” models (see above), the experimental velocity profile and the velocity profile 
obtained by the “integrated approach” (the blue curves), we will call it “re-calculated” 
velocity profile. It is clearly visible that agreement of such re-calculated experimental 
velocity profiles with the numerical ones is much better than between original experiments 
and calculation. High discrepancy between the “old” and “new” velocity profiles is also 
apparent, especially for lower currents.  
Fig. 17 presents the same type of plot as is presented in Fig. 15 but with the analogous 
definition of the “average relative difference of velocity”  
( )
− −
=
∆ = ⋅ −
1
100 Mu i i i
av re exp exp re exp
i
abs u u / u
M
, 
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where 
−
i
re expu  is the re-calculated velocity and 
i
expu  is the experimental velocity at the point 
i , M is the number of available points at which the difference is being evaluated. It is again 
evident that the present “new model” gives in most cases much lower relative difference 
than the “old model” for all studied cases. 
 
 
Fig. 16. Velocity profiles 2 mm downstream of the nozzle exit for 300 - 600 A with 22.5 slm of 
argon. Calculation – partial characteristics model, re-calculated experimental profile is based 
on the experimental temperature profile and calculated Mach number (see the text). The so-
called „new model“ stands for the present model, the „old model“ presents our previous 
model with simplified plasma properties (see the text). The re-calculated velocity profiles 
show better agreement with the experiment.  
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Fig. 17. Average relative difference (see the text) between the calculated and re-calculated 
(the experimental temperature profile and the calculated Mach number) radial velocity 
profiles, shown in % at the axial position 2 mm downstream of the nozzle exit, partial 
characteristics. The so-called „new model“ stands again for the present model and exhibits 
better agreement with experiments than the „old model“.  
3.3 Power losses from the arc 
Energy balance, responsible for performance of the hybrid-stabilized argon-water electric 
arc, is illustrated in the last set of figures. Fig. 18 (left) demonstrates the arc efficiency and 
the power losses from the arc discharge as a function of current for 40 slm of argon. The arc 
efficiency is defined here as ( )1 (power losses)/ U Iη = − ∆ ⋅  with U∆  being the electric 
potential drop in the discharge chamber and I  the current. The power losses from the arc 
stand for the conduction power lost from the arc in the radial direction and the radiation 
power leaving the discharge, which are considered to be the two principal processes 
responsible for the power losses. The ratio of the power losses to the input power in the 
discharge chamber U I∆ ⋅  is indicated as the power losses in a per cent scale: the maximum 
difference of about 2-4 % between the net emission and partial characteristics methods is 
obviously caused by the amount of radiation reabsorbed in colder arc regions, the partial 
characteristics provides lower power losses. The arc efficiency is relatively high and ranges 
between 77-82 % for the net emission model and 80-84 % for the partial characteristics. The 
power losses slightly increases with increasing argon mass flow rate and with decreasing 
current, see Fig. 18 (right).  
Fig. 19 (left) displays the typical radial profiles of temperature, divergence of radiation flux 
and radiation flux for 600 A and argon mass flow rate of 40 slm. Axial position is 4 cm from 
the argon inlet nozzle, i.e., inside the discharge chamber. Temperature reaches 24 700 K at the 
axis and declines to 773 K at the edge of the calculation domain. The radiation flux reaches 
9.7 ⋅ 106 W ⋅ m-2 at the arc edge with the maximum magnitude 3.1 ⋅ 107 W ⋅ m-2 at the radial 
distance of 2.2 mm. The divergence of radiation flux becomes negative at the radial distance 
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over 2.6 mm, i.e., the radiation is being reabsorbed in this region. Despite the negative values 
of the divergence of radiation flux in arc fringes are relatively small compared to the positive 
ones in the axial region, the amount of reabsorbed radiation is 32.4% (understand: ratio of the 
negative and positive contributions of the divergence of radiation flux, see below) because the 
plasma volume increases with the third power of radius.  
 
 
Fig. 18. Power losses and arc efficiency as functions of arc current for 40 slm of argon (left). The 
arc efficiency (%) is defined as ( ) ( )1 power losses / U Iη = − ∆ ⋅ , where the power losses are due 
to radiation and radial conduction. Power losses in % is the ratio ( )/power losses U I∆ ⋅ , shown 
also in dependence of current and argon mass flow rate (right).  
 
 
Fig. 19. Radial profiles of temperature, divergence of radiation flux and radiation flux for 600 
A and argon mass flow rate of 40 slm inside the discharge chamber at the axial position of 4 
cm (left); partial characteristics. Reabsorption of radiation occurs at ~ 2.6 mm from the axis. 
Reabsorption of radiation (right) for different currents and argon mass flow rates is defined as 
the ratio of the negative to the positive contributions of the divergence of radiation flux - it 
ranges between 30-45 % and slightly decreases for higher argon mass flow rates.  
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Fig. 19 (right) shows the amount of reabsorbed radiation (%) in argon-water mixture plasma 
within the arc discharge for the currents 300-600 A as a function of argon mass flow rate. 
The negative and positive parts of the divergence of radiation flux are integrated through 
the discharge volume. Reabsorption defined here is the ratio of the negative and positive 
contributions of the divergence of radiation flux - it ranges between 31-45 % and increases 
for lower contents of argon in the mixture.  
Direct comparison of the amount of reabsorbed radiation with experiments is unavailable, 
however the indirect sign of validity of our results is a very good agreement between the 
experimental and calculated radial temperature profiles two millimeters downstream of the 
outlet nozzle presented above.  
4. Conclusions 
The numerical model for an electric arc in the plasma torch with the so-called hybrid 
stabilization, i.e., combined stabilization of arc by gas and water vortex, has been presented. 
To study possible compressible phenomena in the plasma jet, calculations have been carried 
out for the interval of currents 300-600 A and for relatively high argon mass flow rates 
between 22.5 slm and 40 slm. The partial characteristics as well as the net emission 
coefficients methods for radiation losses from the arc are employed. The results of the 
present calculation can be summarized as follows: 
a. The numerical results proved that transition to supersonic regime starts around 400 A. 
The supersonic structure with shock diamonds occurs in the central parts of the 
discharge at the outlet region. The computed profiles of axial velocity, pressure and 
temperature correspond to an under-expanded atmospheric-pressure plasma jet. 
b. The partial characteristics radiation model gives slightly lower temperatures but higher 
outlet velocities and the Mach numbers compared to the net emission model.  
c. Reabsorption of radiation ranges between 31-45 %, it decreases with current and also 
slightly decreases with argon mass flow rate. The arc efficiency reaches up to 77-84%, the 
power losses from the arc due to radiation and radial conduction are between 16-24%. 
d. It was proved that simulations for laminar and turbulent regimes give nearly the same 
results, so that the plasma flow can be considered to be laminar for the operating 
conditions and a simplified discharge geometry studied in this paper.  
e. Comparison with available experimental data proved very good agreement for 
temperature - the maximum relative difference between the calculated and 
experimental temperature profiles is lower than 10% for the partial characteristics and 
5% for the net emission radiation model used in the present calculation. Calculated 
radial velocity profiles 2 mm downstream of the nozzle exit show good agreement with 
the ones evaluated from the combination of calculation and experiment (integrated 
approach). Agreement between the calculated radial velocity profiles and the profiles 
analyzed purely from experimental data is worse. Evaluation of the Mach number from 
the experimental data for 500 and 600 A give values higher than one close to the exit 
nozzle, it thus proves the existence of the supersonic flow regime. The present 
numerical model provides also better agreement with experiments than our previous 
model based on the simplified transport, thermodynamic and radiation properties of 
argon-water plasma mixture.  
The existing numerical model will be further extended to study the effect of mixing of 
plasma species within the hybrid arc discharge by the binary diffusion coefficients (Murphy, 
1993, 2001) for three species - hydrogen, argon and oxygen. 
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production, biosorption and wastewater treatment.
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